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1  INTRODUCTION 


Compositions  Cd^Hg^^Te  in  pseudo-binary  system  HgTe-CdTe  are  becoming 
increasingly  important  infra-red  detector  materials.  Part  of  this  importance 
stems  from  the  fact  that  the  bandgap  of  the  material  (and  hence  its  wavelength 
response)  can  be  tuned  by  varying  the  cadmium  concentration,  Cd^. 


Initially,  growth  of  this  material  was  by  the  Bridgman  technique,  for 
which  a  knowledge  of  the  phase  relationships  and  segregation  coefficients  in 
the  pseudo-binary  section  CdTe-HgTe  is  sufficient.  In  consequence,  much  of  the 
early  work  on  phase  equilibria  in  the  Cd-Hg-Te  system  concentrated  on  this 
section.  More  recently  however,  other  growth  techniques  such  as  solution  growth 
and  'Cast  Recrystallise  Anneal'  (CRA)  processes  have  been  adopted.  These 
require  a  more  detailed  knowledge  of  the  full  ternary  system. 


In  this  paper  we  attempt  to  summarise  the  known  data  on  the  Cd-Hg-Te  phase 
diagram  and  to  add  some  previously  unpublished  work  from  our  own  research.  In 
view  of  the  experimental  difficulties  involved  in  determining  temperatures  and 
vapour  pressures  in  a  highly  volatile  system  exhibiting  a  marked  degree  of 
supercooling  many  of  the  published  data  are,  at  best,  unreliable.  The  extent 
of  these  difficulties  can  be  judged  from  the  fact  that  the  vapour  pressure  P 
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over  C<Jq  8^e  at  *ts  point  (790°C)  is  approximately  30  atmospheres, 

but  rises  to  about  90  atmospheres  in  the  presence  of  excess  free  Hg  mercury. 
Additionally,  up  to  jO°C  supercooling  prior  to  solidification  has  been  observed 
in  some  Te  rich  compositions. 

2  TEMPERATURE  -  COMPOSITION  RELATIONSHIPS  -  THE  (T,x)  DIAGRAM 


In  discussing  the  Cd-Hg-Te  diagram  we  shall  refer  frequently  to  the 
structures  of  the  vertical  sections  whose  intersections  with  the  basal  plane 
are  shown  in  figure  1.  This  diagram  shows  those  sections  for  which  published 
experimental  data  are  available.  The  first  and  most  commonly  cited  of  these 
is  the  HgTe-CdTe  pseudo-binary.  (Figure  2.) 


Several  determinations  of  this  section  have  been  made,  their  marked 

differences  serving  only  to  emphasise  the  experimental  difficulties  outlined 

above.  Early  work  by  Woolley  and  Ray^^  using  X-ray  techniques  confirmed  that 

full  solid  solubility  exists  across  the  whole  Cd^Hg^  ^Te  section  of  the  ternary 

system.  They  also  measured  the  lattice  parameter  of  the  alloy  as  a  function  of 

composition.  The  liquidus  and  solidus  lines  were  also  derived  by  Ray  and 

(2) 

Spencer  using  differential  thermal  analysis  measurements  made  on  small 
(approx  1  gm)  encapsulated  samples.  They  differ  widely  however  from  those 

/  o\ 

determined  by  Hannan  ’  and  from  the  earlier  liquidus  measurements  of  Blair  and 
Newnhan/^ . 


The  first  attempt  to  reconcile  these  differences  was  made  by  Schmit  and 
Speerschneider whose  pressure-temperature  (P,T)  diagram  indicated  a  pressure 
dependence  of  the  liquidus  and  solidus  slopes  and  of  the  segregation  coefficient. 
By  postulating  that  the  various  authors'  (T,x)  diagrams  had  been  constructed  at 
different  vapour  pressures  they  were  able  to  fit  their  data  to  all  the  results 
for  the  solidus  and  liquidus  points  for  the  composition  Cd^  2^‘So  8^e  ‘  ^ s  we 

shall  see  in  section  3  though,  there  is  also  some  doubt  as  to  the  accuracy  of 
Schmit  and  Speerschneiders '  liquidus  and  solidus  determinations.  Steininger , 
for  example,  records  a  marked  pressure  dependence  of  the  solidus  at  pressures 
up  to  40  atm  and  his  data  for  the  (P,T)  curve  correspond  more  closely  to  Blair 
and  Newnhams 1  determination  of  the  liquidus  line  in  the  (T,x)  diagram.  The 
relative  merits  of  the  (P,T)  diagrams  will  bo  discussed  further  in  section  3 
but  so  far  as  the  pseudo-binary  diagram  is  concerned  it  is  only  possible  to 
conclude  that  failure  to  correct  for  Hg  loss  in  establishing  the  equilibrium 
vapour  pressure,  or  failure  to  allow  sufficient  time  for  equilibrium  to  be 
achieved,  resulted  in  gross  inaccuracies  in  some  of  the  early  phase  diagram 
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determinations.  The  most  reliable  d.iLn  appear  to  be  those  indicated  by  the 
solid  lines  in  figure  2. 

Although  early  work  was  confined  to  the  pseudo-binary  cystera,  Bartlett 
Deans  and  Ktlen^^  recognised  that  failure  to  control  the  Hg  partial  pressure 
adequately  led  to  the  precipitation  of  free  tellurium  and,  by  deliberately 
adding  excess  tellurium  to  HgTe ,  showed  that  there  was  a  distinct  correlation 
between  the  tellurium  content  and  the  occurrence  of  a  mosaic  cellular  structure 
in  the  resulting  crystals. 

This  departure  from  the  pseudo-binary  line  becomes  even  more  pronounced 
as  the  solidification  rate  is  increased  and  more  recent  studies  of  growth 
techniques  based  on  Cast  Quench  Anneal  (or,  to  use  the  less  tautological 
description.  Cast  Recrystallise  Anne- 1,  CRA)  technique  have  demanded  a  wider 
knowledge  of  the  ternary  system.  This  is  true  also  of  the  increasing  attention 
new  being  paid  to  growth  of  Cd^Hg^^Te  alloys  from  Te-rich  or  Hg-rich  solutions, 
which  requires  knowledge  not  only  of  the  phases  within  the  ternary  field,  but 
also  of  the  slope  of  the  liquidus  surfaces  and  the  location  of  the  tie  lines 
dictating  the  relationship  between  source  composition  and  that  of  the  deposited 
solid. 

In  order  to  form  some  idea  of  the  general  layout  of  the  ternary  diagram 

it  is  necessary  to  consider  briefly  the  three  constituent  binary  systems  Cd-Hg 

(8) 

Hg-Te  and  Cd-Te.  Data  on  Cd-Hg  (fig  3)  is  sparse  and  of  limited  value.  Two 
peritectics  have  been  recorded,  the  first  at  188°C  and  approximately  70%  Cd  and 
the  second  at  -34°C  at  the  extreme  Hg-rich  end  of  the  diagram.  At  the  Cd-rich 
end  of  the  diagram  an  a-Cd  solid  solution  is  stable  from  the  melting  point  of 
Cd  (321°C)  to  below  room  temperature  and  shows  a  maximum  Hg  solubility  of 
slightly  over  20%.  The  w-phase ,  formed  by  the  peritectic  reaction  at  188°C  is 
reported  to  be  a  b.c.t.  structure.  Opinions  differ  on  its  composition  range 

(9) 

the  most  generally  accepted  being  35-83%  at  room  temperature .  Claeson  et  al 
have  reported  a  transformation  at  around  -14°C. 

The  Hg-Te  diagram  (figure  4)  is  taken  from  Hansen  with  additional 

liquidus  data  from  firebrick  and  Strauss^^.  The  diagram  has  been  reviewed  by 

( 3 )  o 

Harman  in  some  detail.  The  chief  features  are  the  HgTe  compound  (mpt  670  C) 

occurring  at  the  50%  Te  composition  and  a  eutectic  point  at  411°C:  85%  Te . 

(12) 

Delves  has  suggested  the  occurrence  of  a  monotectic  at  approximately  52%  Te 
(inset  fig  4)  resulting  from  the  presence  of  two  immiscible  liquids. 
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The  Cd-To  phase  diagram  shown  in  fig  5  is  essentially  that  derived  by 
de  Noble^^  l.oronz^^  and  Kobnynshi  shewing  the  CdTe  compound  at  the  50% 

Te  composition  (Tmpt  =  1092°C)  and  two  eutectic  lines,  the  first  at  321°C  over 
the  composition  range  0-50%  l'e  and  the  second  at  437°C  over  the  composition 
range  50-1002  Te .  Recent  work  by  one  of  the  present  authors  has  shown  the 

existence  of  a  eutectic  on  the  Te-rich  side,  with  a  Te  composition  of  approxi¬ 
mately  98%  suggesting  that  the  diagram  should  be  modified  according  to  the 
broken  line  shown  in  fig  5. 

These  three  binary  diagrams  can  be  combined  to  produce  the  elementary 
Cd-Hg-Te  diagram.  For  the  sake  of  clarity  we  will  divide  the  ternary  along  the 
HgTe-CdTe  pseudo-binary  line  and  draw  the  Te-rich  and  Cd-Hg  rich  regions  in 
separate  diagrams.  (Figs  6  and  7.) 

The  most  immediately  obvious  feature  of  the  Cd-Hg  rich  part  of  the  diagram 

is  the  rapid  rise  in  liquidus  temperature  as  the  composition  becomes  increasingly 

Te  and/or  Cd  rich.  The  practical  significance  of  this  for  solution  growth 

experiments  involving  Hg-rich  sources  is  that  growth  temperatures  would  have  to 

be  controlled  to  better  than  1°C  over  the  whole  source  and  substrate  region  to 

avoid  solid  composition  variations  in  excess  of  0.2  atomic  percent  (a  typical 

infra-red  detector  material  specification).  This  fact,  together  with  the  lew- 

solubility  of  Cd^Hg^^Te  in  Hg  and  the  high  vapour  pressures  involved  (see 

section  2)  makes  this  side  of  the  pseudo-binary  an  unattractive  starting  point 

for  LPE  growth.  The  published  data  on  the  phase  fields  within  the 

Hg-HgTe-CdTe-Cd  region  are  restricted  to  a  determination  of  the  Hg  rich  end  of 

the  Hg-CdTe  section  by  Vanyukov  et  al^^  ,  who  reported  a  very  low  solubility 

f  18) 

of  CdTe  in  Hg  (''  1%)  and  an  observation  by  Gi Ilham  and  Farrar  that 
annealing  Cd^Hg^^Te  in  a  mercury  over-pressure  led  to  the  formation  of  second 
phase  closely  related  to  the  previously  observed  w-phase ,  suggesting  an 
extensive  to  field  penetrating  deeply  towards  the  HgTe-CdTe  line  in  the 
Hg-HgTe-CdTe-Cd  region  of  the  ternary  diagram. 

The  Te-rich  side  of  the  phase  diagram,  ie  Te-CdTe-HgTe ,  is  of  greater 
practical  significance  and  lias  therefore  been  the  subject  of  greater  experi¬ 
mental  attention.  Ilarman^^  and  Ueda  et  al  have  published  data  on  the 

slope  of  the  liquidus  on  the  To  rich  side  (fig  8)  for  Te-Cd  Hg,  Te  sections 
of  constant  Cd:ilg  ratio  ranging  from  0  to  0.2. 

Care  must  be  taken  in  comparing  the  two  sets  of  data,  since  Ueda  expresses 
composition  in  terms  of  (Cd  Hg,  ),  Te.  ,  whereas  Harman  uses  the  more 

x  i— X  x. “Z  i  0  if 
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conventional  notation  (Cd  Hg.  ),  'J'e  .  The  derived  relationship  y  =  1/(2  ~  z) 

x  1 -x  1-y  y  r 


x  “t-x  1-y  y 

must  therefore  be  applied  to  convert  Ueda's  data  to  the  conventional  notation. 
Vlien  this  is  -C-uk  it  is  found  that  the  slope  of  the  liquidus  is  the  same  in 
each  case  but  that  the  actual  temperatures  differ  by  roughly  10-2()°C.  A 
recent  investigation  by  Sclimit^'^  gives  values  close  to  those  obtained  by 
Harman  although,  as  he  points  out,  the  composition  data  are  not  corrected  for 
Hg-loss  and  do  not  therefore  represent  equilibrium  values.  The  effect  of  this 
is  to  make  the  true  compositions  mute  Cd  and  Te  rich  than  shown  in  the  graphs 
of  figure  8,  displacing  them  towards  the  right.  The  larger  discrepancy  between 
Hannan's  and  Ueda's  data  when  compared  to  that  between  Hannan's  and  Schmit's  is 
consistent  with  a  higher  Hg-loss  in  Ueda's  higher  temperature  growth  process. 

No  details  of  any  correction  for  this  loss  are  given  in  either  Ueda's  or 
Harman's  paper. 

The  shape  of  the  isothermal  sections  derived  from  the  above  data  (fig  10) 
at  temperatures  in  the  region  500-700°C  is  interesting  since  they  are  concave 
with  respect  to  the  CdTe-HgTe  section,  whereas  at  higher  temperatures  the  shape 
of  the  Hg-Te  and  Cd-Te  liquidus  lines  would  indicate  a  convex  isothermal  section 
in  the  intermediate  field.  The  transition  from  convex  to  concave  occurs  in  the 
region  of  600°C  (Ueda's  data).  The  concavity  of  the  surface  at  lower  tempera¬ 
tures  appears  to  be  related  to  the  presence  of  the  Te-rich  solid  solution 
extending  to  the  Te-rich  side  of  the  HgTe-Te  euc^-fic.  Extrapolation  of 
Harman's  da'-a  to  intersect  the  Cd-Te  binary  would  produce  a  slightly  lower 
liquidus  than  the  published  data,  consistent  with  the  presence  of  a  CdTe-Te 
eutectic  at  approximately  2Z  Cd .  The  projection  is  then  expected  to  be  as  shown 
by  the  broken  line  in  fig  1.  Alloy  compositions  just  to  the  right  of  this  line 
represent  the  lowest  melting  point  alloys  from  which  Cd^Hg^  ^Te  can  be 
precipitated  and  we  have  therefore  made  a  more  detailed  metallographic  study  of 
this  area  of  the  phase  diagram  in  an  attempt  to  locate  the  position  of  the 
valley  line  joining  the  two  binary  eutectic  points. 


The  required  metallographic  specimens  were  produced  by  casting.  Specimens 
of  constant  Te  composition,  (Cd  Hg  )  -Te  9  and  constant  Cd :Hg  ratio 
(Cd()  iHg^  g) |  y^ey  were  chosen.  The  compositions  of  these  are  indicated  by  the 
filled  circles  in  fig  1.  The  microst ructures  observed  (figs  11  and  12)  all 
show  a  eutectic,  together  with  primary  phase  Te  or  Cd^Hg^^Te  according  to  the 
direction  of  the  deviation  from  the  eutectic  point.  No  othe1"  phases  were 
obse  r ved . 


The  composition  of  each  specimen  was  determined  by  atomic  absorption 

spectroscopy.  Tn  attempting  to  correlate  the  observed  mi erostructures  with 

the  measured  composition  care  must  be  taken  to  ensure  that  the  equilibrium 

structure  has  been  obtained.  In  Cd^iig^  ^Te  ingots  this  is  irequently  difficult 

owing  to  the  high  degree  of  segregation  and  tile  combination  of  marked  super- 

.  .  (22) 

cooling  and  a  limited  coupled  growth  zone  associated  with  the  formation  of 
cite  eutectic.  Nevertheless  oy  careful  control  of  quenching  rate  it  is  possible 
to  produce  a  fully  eutectic  structure  of  the  type  shown  in  fig  13  corresponding 
to  a  mercury  telluride  alloy  containing  about  83%  tellurium,  which  is  in 
reasonable  agreement  with  values  published  elsewhere. 

Micros t ructures  of  alloy  compositions  ranging  from  x  =  0  to  x  =  1  for 
y  =  0.8  (figure  11  a-f)  all  show  a  facetted  primary  phase,  the  composition  of 
which  varies  from  HgTe  in  the  x  =  0  alloy  to  CdTe  in  the  x  -  1  alloy.  Over¬ 
shoot  of  the  eutectic  composition  as  the  alloy  solidifies  leads  to  secondary 
precipitation  of  Te  in  the  form  of  an  irregularly  shaped  lighter  coloured 
phase.  Finally  the  residual  liquid  composition  reaches  the  coupled  growth  zone 
and  undergoes  eutectic  solidification  to  form  the  darker  background  phase  in 
the  microstructure.  High  magnification  examination  of  this  eutectic  shows  it 
to  be  composed  of  a  light-coloured  Te  phase  combined  with  a  darker  phase,  the 
composition  of  which  varies  from  HgTe  in  the  x  =  0  alloy,  through  Cd^Hg^^Te 
compositions  of  increasing  x  value  to  CdTe  in  the  x  =  1  alloy. 

The  occurrence  of  a  CdTe/To  eutectic  in  the  Cd-Te  system  has  not  previously 
been  reported,  but  it  is  clear  from  atomic  absorption  analyses  of  Te  rich 
compositions  that  the  cadmium  concentration  in  the  eutectic  lies  between  1  and 
2  atomic  percent. 


Figure  12  (a  to  e)  s'nov;  microstructures  obtained  from  compositions  along 

the  line  (Cd^  g^^Te^  f°r  y  ~  0'?5;  0.80;  0.83;  0.90  and  0.95,  An 

irregular  dendritic  primary  phase  (CdxHg^_x) ^_^Te^  is  observed  for  compositions 

<  Te^  g^,  but  is  replaced  by  primary  Te-rich  solid  solution  in  the  0.90  and  0.93 

alloys.  Rxamination  of  the  darker  phase  of  the  eutectic  from  the  Te(^  ^  and 

Te()  gg  compositions  using  SKM  and  KDAX  techniques  indicated  that  a  true 

(Cd  Hg,  ),  Te  -Te  eutectic  was  observed  only  in  the  surface  region  of  the 
x  1 -x  1-y  y  J  ° 

ingot  ie  in  the  first  material  to  solidify.  As  solidification  progressed,  the 
t'.il  content  ol  the  lighter  phase  of  the  eutectic  reduced  to  zero,  so  that  the 
bulk  of  the  ingot  contained  HgTe-Te  eutectic.  This  segregation  suggests  that 
the  eutectic  valley  line  joining  the  HgTe-Te  and  1-dTe-Te  eutectics  bends 
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sharply  upwards  in  temperature  as  x  approaches  1.0  and  bends  towards  the  Hg-Te 
axis  as  y  decreases  as  shown  in  fig  1. 

Having  located  the  region  of  the  diagram  from  which  it  is  possible  to 
achieve  solution  growth  at  temperatures  low  enough  to  produce  controllable 
epitaxy  and  minimise  interdiffusion  between  substrate  and  epilayer  it  is 
necessary  to  establish  details  of  the  segregation  coefficient  and  the  liquidus- 
tulidus  tie  lines  in  the  ternary  diagram.  Schmit's  data  on  the  lines  for  Te 
rich  compositions  close  to  the  HgTe-Te  eutectic  (fig  9)  emphasise  clearly  the 
major  problem  in  attempting  LPE  growth  of  CMT  since  compositions  differing  by 
less  than  5  at%  in  Hg  content  yield  solid  Cd^Hg^^Te  compositions  ranging  over 
10  at%  in  Cd  .  To  achieve  the  previously  cited  control  on  Cd  value  requires 

X  X 

that  the  melt  composition  be  controlled  to  within  0.02  mol%  Hg.  Using  Harman's 
data  from  the  (T,x)  curve  in  fig  8  indicates  a  Ax/AT  value  of  0.1  mol%  °C  ^ 
corresponding  to  a  required  temperature  stability  of  better  than  0.2°C.  The 
above  calculation  does  not  take  into  account  diffusion  in  the  solid  state 
(though  it  is  also  true  that  neither  do  Schmit's  experimental  data  on  the  tie 
lines  and  segregation  coefficient)  and  therefore  indicate  a  worst  case  situation. 

3  THE  PRESSURE-TEMPERATURE  (P,T)  DIAGRAM 


Many  of  the  problems  encountered  in  the  growth  and  application  of 

Cd^Hg^^Te  arise  from  its  dissociation  at  moderate  temperatures.  Time 

dependent  changes  in  materials  with  unpassivated  surfaces  have  been  observed 

(23) 

at  temperatures  only  a  few  degrees  above  room  temperature.  Farrow  et  al 

have  studied  the  vaporisation  of  Cd^Hg^^Te  and  also  the  end  member  constituents 

CdTe  and  HgTe  using  both  Knudsen  effusion  and  Langmuir  techniques.  They  shoved 

that  the  dissociation  rate  is  controlled  by  the  dissociation  of  HgTe  (fig  14) . 

At  temperatures  below  210°C  Hg  was  the  only  detected  vapour  species.  This 

led  to  a  build  up  of  the  surface  Te  concentration  and  a  consequent  time  dependent 

reduction  in  the  Hg  vapour  flux  .  Between  210°C  and  320°C  the  Te  effusion 

rate,  J„  increased  towards  a  limiting  value  of  J„  =  2J_  .  Above  320  C  the 

To  °  Hg  Te2 

two  species  are  lost  in  the  stoichiometric  ratio  leaving  a  porous  surface  film 
oi  CdTe. 


Under  the  equilibrium  conditions  however  the  partial  pressure  of  tellurium 
p,  is  lour  to  five  orders  of  magnitude  lower  than  that  of  Hg.  For  this  reason 
pressure-temperature  diagrams  for  the  HgTe-CdTe  section  of  the  ternary  system 
are  usually  computed  on  the  assumption  that  p,^  and  p^  can  be  neglected. 
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Data  from  several  authors'  work  on  the  (l’,T)  diagram  lor  various  Cd  lie.,  Te 

X  1*"0C 

compositions  are  shown  in  fig  15.  There  is  general  agreement  in  the  literature 
on  the  data  for  the  mercury  vapour  pressure  over  liquid  Hg.  Steininger's 
datn^  can  he  fitted  to 


£n  p 


7,149 


Hg 


+  11.270 


(516-798°C) 


(1) 


(where  p,  is  the  partial  pressure  of  mercury  and  T  is  the  temperature  in  °K) 

Hg  .  .  (11) 
whilst  those  derived  by  Brebrick  and  Strauss  obey  the  relationship 


x.n  p. 

hg 


7,091 


+  11.262 


(333-657  C) 


(2) 


The  average  value  of  the  heat  of  vaporisation  of  Hg  derived  from  these  equations 
is  14.14  kcals  gm  atom  *  which  is  in  reasonable  agreement  with  the  generally 
accepted  literature  value  of  13.99  kcal  gm  atom  ^  ^4)^ 

There  is  general  agreement  too  on  the  form  of  the  three  phase  loop  defining 

the  envelope  of  p,,  and  temperature  over  which  the  condensed  Cd  Hg,  Te  phase 
Hg  x  &l-x 

is  stable.  The  occurrence  of  the  loop  indicates  that  the  phase  has  an  extended 
composition  range  over  which  the  ratio  of  metal  sub-lattice  ions  (A  sites)  to 
tellurium  sub-laLtice  ions  (B  sites)  varies,  whilst  the  Cd:Hg  ratio  on  the 
metal  sub-lattice  remains  constant.  The  upper  line  bounding  the  loop  therefore 
represents  the  p^  against  1/T  relationship  for  mercury  vapour  in  equilibrium 
with  an  alloy  containing  the  maximum  permissible  concentration  of  A-tvpe  ions, 
ie  the  mercury-saturated  solidus.  In  a  similar  manner,  the  lower  boundary  of 
the  loop  is  defined  as  the  tellurium-saturated  solidus. 


In  general,  the  shape  of  the  loop  alters  little  with  increasing  Cd 

X 

concentration  in  the  alloy,  but  is  displaced  progressively  towards  higher 
temperatures  and  pressures  as  Cd^  increases  from  0  to  40%.  However,  although 
all  the  authors'  data  show  an  extended  near-vertical  section  of  the  curve  in 
the  region  of  the  melting  point,  that  derived  by  Schmit  and  Speerschneider 
extends  over  a  much  wider  pressure  range.  Their  experimental  determination  of 
the  (P,T)  diagram  involved  the  measurement  of  heating  and  cooling  curves 
whilst  changing  the  Cd^Hgj^Te  sample  temperature  but  maintaining  a  constant 
mercury  reservoir  temperature  (and  hence,  constant  p  ) .  They  recognised  that 
at  low  p  values,  rapid  decomposition  of  the  Cd^Hgj^To  sample  would  occur, 
limiting  the  technique  to  one  me  1 1 ing/sol idi f ieat ion  cycle.  (In  fact  they 
questioned  the  validity  ol  even  a  single  run  at  low  p  ,  since  it  was  found 
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that  Cd^  increased  markedly  during  sol i di 1 i cat i on . )  This  effect  results  in 
.1  large  departure  1  rum  1 1 1 .  ■  pseudo-h  i  nary  section  t  ow.iru  ■  the  <’d-Te  edge  ol  Lin 
ternary  phase  di.igr.in.  nn  the  assumption  that  the  I'd  and  T<  losses  are 
Hop  1  i  g  i  It  I  e  euiapared  with  I  lie  lip,  loss,  the  x  value  chance  quoted  bv  Schnit  and 
Spec rschne i de r  can  he  estimated  to  have  produced  a  final  composition  of 
(Cd(,  .^lig^  44^‘‘n  ^  •  This  composition  lies  veil  outside  the  single-phase 

loop  and  it  is  probable  that  observations  of  the  mi c res t rue t ure  would  have 
revealed  substantial  amounts  of  precipitated  tellurium.  The  observed  indepen¬ 
dence  of  pressure  is  therefore  probably  attributable  to  the  presence  of  a 
two-phase  mixture.  For  IlgTe  at  least,  the  sloping  Te-saturated  solidus  derived 

by  Brebrick  and  Strauss  lias  been  corroborated  by  the  recent  results  of 
■  (25) 

Irvine  and  Mullin  t run  their  vapour  phase  growth  experiments. 


iP,T)  data  for  alloys 


Hg^  ^Te  extends  to 

^Te.  However  in  the 
'  ,6  (26)  , 

t ?.  has  been  used 


Perhaps  the  most  significant  anomaly  in  compar. 
of  different  dd^  is  that  the  three-phase  loop  for  Ci 
higher  temperatures  and  pressures  than  that  for  t’.d 
latter  case,  the  optical  density  technique  used  by 
to  produce  so  I i dus  rather  than  liquidus  data.  The  s.  .dus  point  obtained 
(745  C)  agrees  reasonably  well  with  those  shown  on  the  pseudo-binary  diagram 
(figure  2).  The  corresponding  liquidus  point  is  approximately  890°C  (10^/T  = 
0.86) . 


Despite  the  differences  in  detail  between  the  (P,T)  envelopes  for  the 

various  compos i t ions ,  there  is  general  agreement  that  the  partial  pressure  of 

mercury  over  Hg-saturated  (CdxHg^_^)^_  To  approaches  that  of  free  mercury 

whilst  p,  over  To-saturated  (Cd  Hg,  ),  Te  reduces  even  more  rapidlv  as 
1  Hg  x  6l-x  1-y  y 

the  temperature  falls.  Some  indication  of  Lhe  nature  of  the  interatomic  bonding 
in  a  chemical  solution  can  be  obtained  from  the  change  in  chemical  activity  of 
one  component  a^  with  concent  rat  ion  [  N]  .  The  two  parameters  are  related  by 
the  expression 


Hit 


hi 

nr 


(3) 


where  >  is  the  activity  coefficient.  For  ideal  solutions  v  remains  constant 

over  the  whole  composition  range  whereas  in  systems  where  one  component , eg  Hg. 

is  onlv  loosely  bonded  to  the  lattice,  ^  „  may  increase  rapidlv  as  [  N  ] 

Hg  ■  hg 

reduces.  Steininger  has  observed  that  for  compos i tions  with  v  =  0.5  (ic 
stoichiometric)  the  activity  of  Hg,  defined  as 
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t'MT 

’ll)'. 


Hg 


cmt 

vnc  re  p,, 

14’ 

passuro  ot 
~e  -980°C)  , 


is  the  partial  pressure  ul  11);  y\v  r 
free  ii>-  is  independent  ot'  troth  x 

*  i 

and  obeys  the  relationship 


t la  alloy  and  p^  is  the  vapour 

.  and  tempo  rat  ure  (over  the  ran;.- 
u  1 


in  i’(atin) 


2.149  (UK) 
T 


li). 206 


(59 


This  constant  a,,  value  ot  0.545  •  it. (120  and  the  consequent  rise  in  as  the 

Hg  H  z 

[  tig]  concentration  reduces  leads  Steininger  to  propose  a  bonding  model  ir.  vhic 
the  solution  is  a  mixture  of  strongly  bonded  CdTe  molecules  and  dissociated  or 
weakly  bonded  atoms  Hg  and  Te.  Addition  of  further  C’  atoms  displaces  lig  to 
form  further  ('die  bonds.  On  the  basis  of  this  argument,  the  activity  of  the  H 
depends  not  upon  the  cation  ratio  hut  on  the  availability  of  dissociated  Te 
ie  variations  in  the  v  value.  The  straight  dotted  lines  in  the  liquid  field 
region  of  fig  15  show  a  significant  change  in  a^  as  a  function  of  v. 


In  contrast  however,  Vanyukov's  data 


(27) 


for  the  solid  solutions,  take 


over  a  much  lower  and  more  restricted  temperature  range,  (402-454  C)  show  a 

small  but  significant  dependence  of  a^  upon  x.  (Figure  16.)  The  result  of 

this  is  to  produce  an  even  steeper  rise  in  y  as  a  function  of  increasing 

Hg 

cadmium  concentration  than  that  observed  in  Steininger's  work.  Again  however. 
Vanyukov  et  al  conclude  that  the  only  possible  explanati  a  of  this  is  based 
on  Lite  assumption  that  the  CdTe  bond  is  much  stronger  than  the  Hg-Te  bond  and 
is  therefore  formed  preferentially  as  the  Cd  concentration  is  increased.  The 
relevant  activity  coefficients  are  summarised  in  Table  1. 


4  THERMODYNAMIC  DATA  FOR  HgTe  AND  Cd  Hg,  Te 

'  x  &l-x 

Once  the  partial  pressures  o!  the  components  in  the  system  are  determined 
the  Gibbs  free  energy  AG°  for  the  formation  of  the  alloy  can  be  derived  from 
the  relationship 


(1-x)  X  V 

R1  “>  PHg  *  Pl’.d  ’  PTe 


1.6 ) 


whe re  x,  1-x  and  v  are  the  mole  fractions  of  Cd .  ag  and  Te  respectively.  For 
the  binary  alloy  Hg fe  this  reduces  to 
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(1) 


l,,sl\8)1 


Kl  1’iig 


In  this  case  the  values  oi  p„  are  easily  determined  but  the  partial  pressure 

Hg 

of  Te  is  much  lower,  particularly  on  the  Hg-saturated  solidus.  firebrick  and 
Strauss  1  ound  that  the  p.^,  values  here  were  only  marginally  above  the  detection 
limit  of  their  optical  density  technique  and  the  experimental  data  were 
supplemented  by  theoretical  values  calculated  from  the  Duhem-Margules  relation¬ 
ship  between  the  component  vapour  pressures  in  a  system.  These  computed  p_ 
values  are  indicated  by  the  short  vertical  lines  on  the  Hg-saturated  scliius  :: 
figure  17. 

Using  the  p„  and  p^  data  obtained  and  considering  the  reaction 
Hg  Te 


Hg(g)  +  2  Te 


2(g) 


HgTe 


(c) 


(8) 


they  derived  an  expression  for  the  Gibbs  free  energy  AG°  of  the  form 


AG°  lHgTe(c)]  =  -  41.66  +  42.7  (10_3)T  kcal/mole  (9) 

for  the  temperature  interval  778-943°K.  Converting  the  AH°  value  of 
-41.66  keals/mole  to  the  room  temperature  value  for  the  formation  of 

[HgTe,  .]  from  Hg,,.  and  Te,  .  gives  a  value  of  -9.6  kcals/mole  (cf 
AH  Q  CdTe  ,  .  =  -24.5  i  0.5  kcals/mole^  Equation  (14)  also  yields  a 

Zzfo  \C)  ^ 

value  of  — g 2  9  8  =  ^  c^s/mo\e/  C.  These  values  of  AH  and  AS  show- 

reasonable  agreement  with  earlier  values  determined  by  Goldfinger  and 
(29) 

Jeunehomme  .  However  the  data  obtained  by  the  latter  are  of  somewhat 
dubious  value  as  they  were  obtained  from  Knudsen  effusion  cell  measurements 
taken  at  relatively  high  temperatures  (300-400 °C).  Under  these  conditions  the- 
HgTe  dissociation  is  dominated  by  a  Te  surface  layer  and  the  partial  pressures 
derived  are  not  measured  under  equilibrium  conditions.  The  reasonable  agree¬ 
ment  obtained  is  therefore  probably  more  attributable  to  the  relative 
insensitivity  of  AH°  and  AS°  to  change  in  temperature  as  compared  to  AG°. 

Schwartz has  applied  a  similar  analysis  to  the  p^  ,  snd  Pje  data 

obtained  for  Cd^  gg^Te,  deriving  a  AG°  expression  of  the  form 

AG°  [Cd,,  , . ,  Hg_  eg/  TeJ  =  -  52.93  +  42. 18(10_J>)T  kcal/mole  (10) 

0.414  ”0.584  c 
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0.584llg 


(«) 


+  0.4l6Cd 


(8) 


v-  0.500Te 


il80.584Cd0.414re(c) 


(11) 


1?  however  tlu'  reaction  is  between  the  pseudo  binary  end-members  Hg’le  and  CdTe 
rather  than  the  three  elements,  ie 


0.a84HgTe(c>  +  C.il4Cdl'e(c)  -  H80>584cd0>414le(c) 


(12) 


the  corresponding  AG  is  of  the  form 


of  1  -1 

■iC  CdQ  414HgQ  584TcJ  =  -  0.05  -  1.46(10  )T  hcal/mole  (13) 


in  which  411°  0.  This  is  analogous  to  the  expression  for  an  ideal  solution 

in  which  Ali^  the  heat  of  mixing  is  zero  and  the  entropy  of  mix:ng  AS  is  given 
by 


AS  =  -  R|  (I  -  x)  tn  x  +  x  in  xj  (14) 

m 

Again,  the  AS  value  of  1.35  cals/mole/°C  obtained  from  equation  (14)  agrees 
m 

well  with  Chat  of  1.46  cals/mole/  C  from  equation  (13)  but,  as  Schwartz  points 
out,  the  good  agreement  is  somewhat  coincidental.  Nevertheless  the  thermo¬ 
dynamic  data  for  the  pseudo-binary  suggest  again  the  near  ideality  of  the 
HgTe-CdTe  solid  solution.  Details  of  several  authors'  data  for  the  thermo¬ 
dynamic  properties  of  HgTe  and  Cd  Hg  Te  alloys  are  given  in  Tables  1,  2  and 
3. 


5  SUMMARY 

The  collected  data  on  the  (T,x)  and  (P,T)  relationships  on  the  Cd-Hg-Te 
ternary  system  show  general  agreement  on  the  type  and  extent  of  the  phases 
observed  in  the  system.  The  bulk  of  the  data  refers  naturally  to  the  most 
important  section  of  the  diagram  for  practical  purposes,  namely  the  HgTe-CdTe 
pseudo-binary  section,  but  the  recent  interest  in  LTE  growth  has  stimulated 
work  on  the  Te-rich  side  of  the  diagram  and,  to  a  lesser  extent  the  Hg-rich 
corner.  Despite  this  the  llg-HgTe-CdTe-Cd  area  of  the  ternary  system  remains 
largely  undefined.  Whilst  there  is  now  some  general  agreement  on  the  shape 
ol  the  liquidus  and  solid  lines  for  the  (Cd  Hg.  )_  cTe,,  r  svstem,  the  extent 
of  the  phase  range  towards  the  Hg-rich  and  Te-rich  sides  of  the.  pseudo-binary 
line  remains  unresolved  but  lias  great  practical  importance  in  determining  the 
point  defect  concentrations  available  and  their  effect  upon  the  electrical 
properties  of  Ik  detector  materials.  The  variations  between  the  results 
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obtained  by  different  authors  provide  a  saluturv  lesson  in  the  need  for 
extremely  close  control  of  vapour  pressure  and  hence  temperature  in  practical 
growth  s  , -st  mi:, . 


h  a<  i.:;ttWi.i.ht;i:Mi.N  i 
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Bas.il  Plane  of  the  Cd-Hg-Te  ternary  system  showing  binary  and  pseudo-binary 
sections  for  which  Cl,x)  data  are  available.  The  hexagonal  point  indicates 
tin  composition  Cd  ..ilg  QTe  commonlv  used  for  infra-red  detectors. 

Liquidus  and  solidus  data  for  the  HgTe-CdTe  pseudo-binary  section.  The 
solid  lines  indicate  the  most  reliable  data  available. 

(9) 

The  Cd-llg  binary  phase-diagram  (after  Glaeson  et  al  ). 

(10) 

Tin.  Ug-'l'e  binary  phase-diagram  (after  Hansen  and  Brebnck  and 

Strauss0  °). 

The  Cd-Te  binary  phase-diagram  (after  de  Noble0"0  and  Lorenz0  ). 

The  Te-HgTe-CdTe  region  of  the  ternary  phase  diagram. 

The  Hg-HgTe-CdTe-Cd  region  of  the  ternary  phase  diagram. 

Liquidus  lines  on  Te-CMT  sections  of  the  phase  diagram  for  various  Cd/Hg 

(19)  (20)  .  (21) 

ratios.  (□  after  Harman  0  after  L’eda  •  after  Schmit  ). 

.  (21) 

Tie  lines  in  the  Te-rich  region  of  the  ternary  system  (after  Schmit  ). 

Liquidus  isotherms  in  the  Te-CdTe-HgTe  region  of  the  ternary  diagram. 

(in)  (19) 

(@  L'eda  et  nlv“  ;  Li  Harman  ;), 

Microst rut  tures  of  (Cd  llg,  )  .  0TeA  „  compositions  with  x  ~  a)  0.0; 
b)  0.2;  c)  0.4;  d)  0.0;  e)  0.8  and  f)  1.0. 

Microstructures  of  (Cd^  g)  ^  Te  comPos^£ ions  with  v  = 

a)  0.75;  b)  0.S0;  c)  0.85;  d)  0.9 0  and  e)  0.95. 


Microstructure  of  the  eutectic  composition,  Hg^  ^Te^  83' 


dissociation  vapour  pressures  over  Hg  uCd  „Te 

0  •  o  U  •  1 

X  Hg;  0  Te?;  0  Cd .  The  broken  line  represents  the  equilibrium  vapour 

1  (23) 

pressure  of  Hg  over  llg^  gCdQ  aTe  (after  Farrow  et  al  ). 

p  v  l/T  data  for  Cd^Ug^^Te  compositions. 

,  1 ' i 

P[S  over  Hg-s.itur.ited  ilgTu  as  a  function  of  reciprocal  temperature  V 


p  v  1  / T  data  lor  IlgTu  (afte 


r  Brebrick  and  Strauss00  and  Steinir.ger  ^ '  '. 
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Activity 

Coefficients 

(y„  =  a.x.)  for  HgTe  and  Cd  Hg,  Te 

Hg  11  &  x  6l-x 

1 

Composition 

XCdTe 

YHg 

(Vanyukov^^ 

Liquid 

)  yHg  (Steininger(6'>) 

Solid 

Yh  (Vanyukov 

0.0 

0.68 

1.6 

0.2 

I 

0.75 

0.138 

2.2 

1 

:  0.4 

0.80 

0.104 

3.1 

j 

J  0.6 

0.85 

0.069 

4.5 

1 

I  0.8 

1 

0.90 

0.035 

- 

TABLE  1  Activity  Coefficients  for  HgTe  and  Cd^Hg^^Te 
Turn  through  90°  and  type  as  tables  2-5. 


TABU'.  2  Equilibrium  vapour  pressure  of  mercury  p  (atm)  over  Hg,  HgTe  and  Cd  Hg  Te. 


TABLK  3  Standard  free  energies  of  reactions  for  the  formation  of  HgTe  and  Cd  ,Hg 


TABLE  4  Heats  of  vaporisation  and  formation  and  standard  entropies  for  Hg,  Cd  . .. ,Hg  .  Te  and  CdTe. 
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THE  HgTe  -  CdTe  PSEUDOBINARY  PHASE  DIAGRAM 
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Cd-Te  PHASE  DIAGRAM 
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LIQUIDUS  ISOTHERMS  IN  THE  Te-HgTe-CdTe  REGION  OF  THE  PHASE  DIAGRAM 
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